The need for renewable and cleaner sources of energy has made biofuels an interesting alternative to fossil fuels, especially in the case of butanol isomers, with its favorable blend properties and low hygroscopicity. Although C4 alcohols are prospective fuels, some key reactions governing their pyrolysis and combustion have not been adequately studied, leading to incomplete kinetic models.
The first step in our procedure was to determine the number of conformers for the reactant, saddle point and product species (conformers are defined as different configurations of a given species that can be interconverted into one another by internal rotations). Conformational analysis was performed with MSTor 21 software version 2013, where all possible torsions were evaluated with rotations of 90°, giving an overall of 4 n possible structures for each species, where n is the number of torsions.
To each conformer, geometry optimization, frequency determination and single point energy calculations were carried out using the CCSD(T,FULL)/aug-cc-pVTZ//CCSD(T)/6-31+G(d,p) level of theory in Gaussian09 22 software. With this information, zero point energy (ZPE) corrected values, or adiabatic energies for each conformer, were computed. The minimum energy conformer of each species (henceforth called global minima), were used to calculate the MEP by using the GaussRate17 23 software, which is an interface between Gaussian09 22 and Polyrate 2016-2A. 24 During an MEP mapping, energies, gradients and Hessians along the steepest descent route in isoinertial coordinates were computed, starting from the saddle point. The step size selected between the -0.70 bohr -0.70 bohr range of the reaction coordinate was 0.04 bohr, while those for the ±0.70 bohr -±1.15 bohr and ±1.15 bohr -±3.00 bohr were 0.07 bohr and 0.20 bohr, respectively. The step size near the saddle point was smaller because the information in this region is critical to determine the location of the transition state under the framework of variational principles, and for an accurate description of the transmission coefficients. For the same purpose, a sufficiently broad region of the MEP was covered. The Hessian was evaluated at every fourth step.
High pressure limit rate constant calculation. Multistructural variational transition state theory
With the energy, gradient and Hessian along the MEP, it is possible to compute preliminary rate constants using Polyrate 2016-2A software. 24 Canonical variational transition state rate constants
To include the effect of the multiple conformers on the rate constant (known as multistructural anharmonicity (MS)), it was necessary to compute multistructural partition functions. To do so, the MSTor program was used; it calculates the conformational rovibrational multistructural partition function, including torsional anharmonicity corrections (T), as
where X stands for reactant R, or saddle point ≠. The label j represents a conformation of either reactant or saddle point, with J as the total number of distinguishable structures, denoted as j=1,2,…,J.
Qrot is the classic approximation for the rotational partition function, β is equal to 1/kBT. Zj is a factor that guaranties accurate behavior for the
partition function at high temperatures. Finally, fj,τ is an internal coordinate torsional anharmonicity function which--together with Zj--includes the effect of the torsional anharmonicity associated with each internal coordinate τ = 1, 2, …, t. The global minimum for reactant--or saddle point--is labeled as reference with an energy value of zero, and denoted as Uj=U1. Under the scope of eq 1, the torsional space is divided into two types: nearly separable (NS) and strongly coupled (SC). The last case used Voronoi tessellation 25 to compute the value of local periodicities necessary to calculate the partition functions.
With the multistructural torsional rovibrational partition functions (eq 1), it was possible to evaluate the multistructural torsional anharmonicity factors to correct a single structural rate constant as 
The factor in eq 4 can be also calculated without torsional anharmonicity, 
Pressure-dependent rate constant calculations
The computation of pressure-dependent rate constants was carried out with the system-specific quantum RRK theory (SS-QRRK), 26 as implemented in Polyrate 2016-2A, 24 considering only the forward reaction (R1) (values for reverse reaction can be determined with the equilibrium constant).
This code has been proven to give results comparable with values computed by MS-VT 27 theory.
First, values of − ⁄ were fitted to the form of eq 4 shown in Bao et al. 27 for exothermic reactions, which in a second step gives the parameters n, E and T0 necessary to compute the Tolman activation energy Ea, and the Arrhenius frequency factor A ∞ that are used by the SS-QRRK 27, 28 theory. This approach is based on the energy dependent Lindemann-Hinshelwood mechanism, where the computation of the de-energization rate constant uses a modified strong collision model.
The pressure range studied was from 0.1 kPa to 10 8 kPa, using nitrogen as bath gas, which is commonly used and has a de-energization temperature dependency with the form ‹E›down = 200•(T/300) 0.85 cm -1 (determined by fitting experimental falloff curves 29 ). The other bath gas used was argon, which dilutes 2-and tert-butanol in our pyrolysis simulations and has a de-energization value ‹E›down = 400 cm -1 , as reported by Zhu and Lin. 30 The Lennard-Jones parameters implemented for propen-2-ol were those of n-propanol, σ=4.549 Å and ε/kB= 576.7 K, which were also adopted by Zhou et al. 31 to study propen-2-ol decomposition reactions. Nitrogen has the parametric values σ=3.798 Å and ε/kB= 71.4 K, and for argon these parameters are σ=3.542 Å, ε/kB= 93.3 K.
Numerical pyrolysis simulations
The kinetic mechanism of Sarathy et al. 13 for butanol isomers was updated with the computed rate constants for the reactions R1 and -R1; this model is hereafter referred to as the updated model. The objective was to determine the role of the calculated rate constants by comparing the predictions of the updated model to those of the former model, which describes reactions R1 and -R1 using an analogy.
Pyrolysis numerical simulations of tert-and 2-butanol, with the same initial conditions as Yasunaga et al., 12 were performed with ANSYS CHEMKIN-PRO 18. At this level, the energy barrier of the reaction is 57.7 kcal mol -1 , 3.5 kcal mol -1 higher than the barrier obtained by Elango et al. 18 using the lower MP2/cc-pVDZ level of theory. As expected for a gas phase non-catalyzed keto-enol tautomerism, a large barrier height was obtained. 34 The energy of reaction was -11.1 kcal mol -1 , which was also different from the value obtained in the referenced work, 18 -14.5 kcal mol -1 .
Rate constants determination
With the data calculated along the MEP, the value of the transmission coefficients was obtained; it has the temperature dependence shown in Figure 3 . As expected for a hydrogen shift reaction with a large barrier, tunneling was highly pronounced in both R1 and -R1 reactions, with an order of magnitude of around 10 9 at 298 K. 
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, respectively. The former starts with a value of one at low temperature and tends to a value of two at higher temperatures. The latter begins with the same unity value, but at higher temperatures it tends to three--the total number of structures found for this specie. Thus, the torsional anharmonicity correction is important in the reactant propen-2-ol. The saddle point has an anharmonicity factor of two over the studied temperature range, as a result of its two equivalent conformers. Finally, the anharmonicity factor of acetone--which has just one structure--always takes a value of unity. The total factor for the reaction (eq 4) was the result of the factor of each of the species involved in the reaction. In Figure 4 (b) the effect of the torsional anharmonicity for the reaction R1 is shown to be important and will affect the value of the rate constant, especially at high temperatures. The anharmonicity factor for the reaction -R1 is two in the entire temperature range, with no effect from the torsional anharmonicity (F MS-T = F
). 
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f,MS-T computational cost; therefore, we opted for using them due to the more rigorous theoretical approach they are based on.
The high-pressure rate constants in the entire temperature range (200 K -3000 K) were fitted to the following equation
However, since CHEMKIN software must be provided with kinetic information by means of a threeparameter Arrhenius equation (also known as modified Arrhenius equation),
the rate constants over the temperature range 600 K -3000 K (the temperature range in this study)
were also fitted to eq 7 as follows: 
where R and T are the ideal gas constant and temperature with units of kcal mol -1 K -1 and K, respectively. The units of the fitting parameters A, T0 and E are s -1 , K and kcal mol -1 , respectively. Figure 5 also includes rate constants determined by Da Silva et al. 16 for the reaction vinyl alcohol ↔ acetaldehyde, which were used as analogy to the studied reaction by Sarathy et al. 13 The most significant discrepancies are present at low temperatures. At 298 K, deviations of about 10 and 2 orders of magnitude were obtained for R1 and -R1 reactions, respectively, mainly due to the effect of tunneling in the propen-2-ol ↔ acetone tautomerism, which at that temperature has values of an order of magnitude of 9 and 8 for R1 and -R1, respectively. It is important to bear in mind that differences in the rate constants may also arise from more subtle aspects, such as the different nature of the systems, leading to different partition functions and barrier heights, which are hard to resolve in detail. Shao et al. 17 also computed the parameters of eq 7 for the forward reaction of the vinyl alcohol ↔ acetaldehyde tautomerism at 100 atm, obtaining rate constants that differ by around 40 and 3 orders of magnitude at 298 K and 3000 K, respectively. As in the case of Da Silva et al., 16 they also determined kinetic parameters that differed greatly from those calculated in this study. Figure 6 shows the equilibrium constant for the reaction under study, calculated with the highpressure forward and reverse rate constants. As expected for exothermic reactions, the value of this thermodynamic property decreases with an increase in temperature. Nonetheless, it is noteworthy that even at high temperatures, the value of this constant is still considerable--of the order of 10 11 . Thus, the keto form is thermodynamically favored over the studied temperature range.
The pressure-dependent rate constants for reaction R1 in nitrogen are presented in Figure 7 by both, the relation of the rate constant obtained at pressure p to that at the high-pressure limit (it is the same figure for the reverse reaction) as function of pressure (a), and considering the sole rate constants at different pressures as function of temperature (b). As expected for a unimolecular isomerization, the rate constant decreases as the pressure decreases due to the lack of collisions to repopulate the thermally activated reactant. This decrease is more pronounced at high temperatures. As shown in Figure 7 , respectively. At that high temperature the value of the rate constant goes from 6.06•10 9 s -1 at the high-pressure limit to 7.71•10 2 s -1 at 0.1 kPa, with the differences shrinking as we go lower in temperature and higher in pressure. Table 1 shows the parameters of the modified Arrhenius equation (Eq 7) resulting from the fitting of the rate constants at pressures ranging from 0.101325 to 101325 kPa using Argon as bath gas (the diluting gas used in our simulations), which were used to carry out the pyrolysis simulations, together with those obtained for the rates using N2 (plotted in Figure 7 ). These equations were fitted in the temperature range of 600 K -2000 K. a Parameter "n" is unitless.
Role of the unimolecular tautomerism propen-2-ol ↔ acetone in the pyrolysis of tert-and

2-butanol
This section compares the performance of the original kinetic model of Sarathy et al. 13 and the updated model, to clarify the role of the studied reactions in the pyrolysis of tert-and 2-butanol isomers. those obtained in the model of Sarathy et al. 13 In Figure 8 (a) it can be seen that the new set of rate constants predicts a larger yield of acetone (CH3COCH3) and a faster consumption of propen-2-ol (i-C3H5OH) in the transient simulations (right y-axis). No differences were observed in the concentration profile of tert-butanol (left y-axis) between the two kinetic models used in the simulations.
tert-Butanol.
As for the temperature-dependent simulation, both models predict the same concentration for methane (CH4) and tert-butanol throughout the entire temperature range (Figure 8 
2-Butanol.
This alcohol presents concentration trends similar in the transient simulation to tert-butanol, as illustrated in Figure 9 (a). However, the differences between both kinetic models are more remarkable. 
CONCLUSIONS
A theoretical kinetic study was performed on the unimolecular tautomerism propen-2-ol ↔ acetone by means of electronic structure calculations at the CCSD(T,FULL)/aug-cc-pVTZ//CCSD(T)/6-31+G(d,p) ab initio level, and multistructural variational transition state theory treatment (thus including the effect of multiple conformers) with torsional anharmonicity. Pressure effects were also considered to obtain low pressure rate constants. For propen-2-ol, saddle point, and acetone species, three, two and one conformers, respectively, were found and included in our forward and reverse rate constants calculations.
It was also found that the tunneling effect plays an important role in the studied reactions, especially at low temperatures where the value of the transmission coefficients achieves an order of magnitude of 10 9 at 298 K. Torsional anharmonicity proved to be important for propen-2-ol, also affecting the value of the rate constant of the forward reaction, for which the free rotor approximation is required--especially at high temperatures. The values of the rate constants of the forward reaction were larger than those of the reverse reaction for more than 10 orders of magnitude, resulting in a large equilibrium constant and favoring the keto form. On the other hand, pressure-dependent rate constants showed the falloff trend over 600 K and below 10 8 kPa.
Current kinetic models use the reaction vinyl alcohol ↔ acetaldehyde as analogy to the studied tautomerism, thus failing to accurately reproduce the concentration profiles of propen-2-ol and acetone, among other species. This is the case of the kinetic model by Sarathy et al., 13 updated in this work with the calculated rate constants. The objective was to compare the effect of the new sets of rate constants in the pyrolysis of tert-and 2-butanol isomers by performing simulations in a closed homogeneous batch reactor and analyzing concentration profiles of key species at transient state and as a function of temperature.
